Background: Between 4% and 35% of hereditary hemochromatosis (HC) probands are C282Y or H63D heterozygotes or lack both of these two common HFE mutations, and 15 novel HFE mutations have been described recently. We evaluated denaturing HPLC (DHPLC) for screening of the whole HFE coding region and further defined whether HC probands with an incomplete HFE genotype carry uncommon mutations. Methods: Analytical conditions for each coding exon were determined by a combination of computer melting profile predictions and experimental melting curves. To test accuracy for scanning the complete HFE coding region and optimize DHPLC running conditions, each melting domain was investigated with at least one mutation or one polymorphism as reference. We tested 100 DNA samples harboring the C282Y, H63D, or S65C mutations and 17 artificially created positive controls that carried either 1 of the 14 other known HFE mutations or 3 selected polymorphisms. Results: Investigations on each of the coding exons 1, 2, 4, 5, and 6 could be performed at one analysis temperature. Coding exon 3 displayed a more complex melting profile and required two analysis temperatures. DHPLC detected all known HFE mutations as well as the three selected polymorphisms. Conclusions: DHPLC can be used to scan the HFE gene in HC probands in whom at least one chromosome lacks an assigned mutation.
descent (2, 3 ) . HC is an adult-onset disease characterized by increased duodenal iron absorption, which leads to progressive iron loading of parenchymal cells in major organs, primarily the liver, pancreas, and heart. In the final stages, the structure and function of these organs are affected. When diagnosis is made before irreversible tissue damage occurs, regular removal of excess iron by phlebotomy usually leads to a normal life expectancy (4 ) .
An important hurdle in diagnosis of HC and detection of asymptomatic patients was cleared in 1996, when the gene for HC (HFE gene) was cloned and two causative mutations were reported: the 845G3 A transition, which changes amino acid 282 from cysteine to tyrosine (C282Y); and the 187C3 G transversion, which changes amino acid 63 from histidine to aspartic acid (H63D) (5 ) . Several studies of Caucasian populations have concluded that at least 80% of HC probands are homozygous for the C282Y mutation and that 4 -7% are C282Y/H63D compound heterozygotes (5) (6) (7) (8) (9) .
Numerous techniques are available to detect these two common HFE mutations (5, 6, 8, 10 -15 ) . However, depending on the population studied, 4 -35% of cases presenting with the HC phenotype are C282Y or H63D heterozygotes or lack both C282Y and H63D (5, 7-9, 16, 17 ) . The HFE coding region from some of these HC probands has been studied, and nine novel mutations have been described: four missense mutations (S65C, I105T, G93R, and R330M) (18 -20 ) , two frameshift mutations (V68delT and P160delC) (21, 22 ) , two nonsense mutations (E168X and W169X) (23 ) , and one splice site mutation (IVS3ϩ1G3 T) (24 ) . Six of the mutations (I105T, G93R, R330M, V68delT, P160delC, and IVS3ϩ1G3 T) are private, i.e., they were observed in either individual families or in individual probands, and the three others are rare, i.e., they were found to be significantly enriched in the chromosomes of HC probands from Brittany (S65C) or from two northern Italian regions (E168X and W169X) (18, 23 ) . Moreover, one HFE missense mutation (Q127H) has been described in a South African patient referred for molecular diagnosis of variegate porphyria (20 ) , another (E277K) has been described in a diabetic patient of Asian origin (25 ) , and four others (V53M, V59M, E168Q, and V272L) have been reported in individuals not referred for HC (14, 20, 26 ) .
From these recent findings, scanning the complete HFE coding region in HC probands with at least one chromosome lacking the C282Y and H63D mutations may be of particular interest, to define whether they carry uncommon HFE mutations liable to explain iron overload and confirm the diagnosis of HC. DNA sequencing analysis remains the definitive procedure for identifying mutations, but when faced with numerous samples, even with semiautomated high-throughput sequencing systems, systematic DNA sequencing analysis is still technically demanding, costly, and time-consuming. These drawbacks have led to the development of faster and less expensive scanning methods to identify positive samples and to further carry out DNA sequencing analysis of targeted regions only.
A recent approach is denaturing HPLC (DHPLC). This is an automated technology based on the separation of heteroduplex PCR products from their corresponding homoduplexes on an ion-pair reversed-phase liquid chromatography system (27, 28 ) . The hydrophobic stationary phase consists of alkylated nonporous poly(styrene/ divinylbenzene) particles, and the mobile phase consists of triethylammonium acetate and acetonitrile. The column is maintained at a set temperature to partially denature DNA molecules. Under these conditions, heteroduplexes attributable to mismatch pairing will form weaker interactions with the hydrophobic matrix. With a linear acetonitrile gradient, the heteroduplexes will therefore be eluted earlier than the homoduplexes. To form heteroduplexes, PCR-amplified DNA is heated to 94°C and then cooled slowly. Samples containing a heterozygous mutation form both homoduplexes and heteroduplexes, and at least two peaks are observed. Samples that give a single peak could be either wild type or could contain a homozygous mutation. The latter can be easily identified by mixing the sample with wild-type amplified DNA and repeating the analysis, searching for heteroduplex formation.
Here we define optimized analytical conditions for each exon and report the successful application of DHPLC for screening the complete HFE coding region. We demonstrate the efficiency of this new approach by detecting the 17 known HFE mutations as well as 3 HFE polymorphisms localized in regions without known mutations. We thus conclude that DHPLC can be used for rapid, efficient scanning of the HFE gene in HC probands in whom at least one chromosome lacks an assigned mutation.
Materials and Methods patients and dna specimens
DNA samples harboring the C282Y, H63D, or S65C mutations, identified by PCR and restriction enzyme assays as described previously (9, 18 ) , were collected from local hospital patients for whom a molecular diagnosis of HC was requested. Written informed consent to use the DNA for future research was obtained at the time of initial testing. Genomic DNA was extracted from 1.5 mL of EDTA-anticoagulated blood. DNA isolation was carried out using the GFX TM Genomic Blood DNA Purification Kit (Pharmacia). DNA was eluted from the glass fiber matrix by 100 L of Tris-EDTA buffer (10 mmol/L Tris-HCl, 1 mmol/L EDTA, pH 8.0) at 70°C.
pcr primers and dna amplification for dhplc analysis
Six pairs of primers were designed to amplify the whole HFE coding region (including intron/exon junctions), based on the National Center for Biotechnology Information GenBank HFE gene sequence (Accession No. Z92910; Table 1 ). Amplified fragments were 168 -377 bp in length. The regions amplified included 44 -80 bp of intron sequence on the 5Ј side of the exon and 27-54 bp of intron sequence on the 3Ј side. PCR was performed in 50 L containing the following: 25 pmol of each primer, 1.0 -2.0 mM MgCl 2 , 1ϫ PCR buffer II (Applied Biosystems), 200 M each dNTP (Amersham-Pharmacia Biotech), 1 U of AmpliTaq DNA polymerase (Applied Biosystems), and 100 -240 ng of DNA. We chose a Touchdown PCR protocol (29 ) to minimize PCR optimization and to reduce the number of thermocycler programs; in fact, one protocol was enough to amplify all six coding exons. Cycling conditions were as follows: a denaturation step at 94°C for 3 min; 14 touchdown cycles with annealing temperature decreasing 0.5°C per cycle from 63 to 56.5°C (denaturation at 94°C for 30 s, annealing for 30 s, primer extension at 72°C for 45 s); 25 cycles with a 56°C annealing temperature; and a final elongation step at 72°C for 5 min. All PCR reactions were carried out using the GeneAmp PCR system 9700 (Applied Biosystems). Specific sizes and quantities of amplicons were checked by electrophoresis on 2% agarose gels. Amplicons were stored at 4°C until DHPLC analysis.
site-directed mutagenesis
Genomic DNA from a healthy subject was extracted, and all six coding HFE gene fragments were amplified as described above. PCR products were purified on a Microcon 100 centrifugal filter (Millipore) and sequenced using the fluorescent-tagged dideoxy chain termination method with an ABI automated sequencer (Applied Biosystems) to check absence of DNA variations. These wild-type HFE sequences were then cloned into pGEM-T-easy (Promega) and used to recreate 18 HFE point mutations with the QuickChange TM Site-Directed Mutagenesis Kit (Stratagene). The mutagenic oligonucleotide primers were designed individually, based on the GenBank HFE gene sequence, according to the desired mutation and following the manufacturer's recommendations. PCR amplifications were carried out using the GeneAmp PCR system 9700 (Applied Biosystems), following the manufacturer's protocols depending on the nature of the mutation (substitution or deletion). All new HFE sequences were checked by sequencing.
dhplc analysis
Heteroduplexes were formed by heat denaturation of PCR products at 94°C for 3 min and cooling to 68°C for 15 min. For homozygous samples obtained from sitedirected mutagenesis or for samples shown by DHPLC to contain one uniform sequence, equal amounts of the sample and wild-type PCR products were mixed (typically 10 L of each). DHPLC analysis was carried out using the WAVE TM DNA Fragment Analysis System (Transgenomic). The PCR mixture (5-10 L; homoduplexes and heteroduplexes) was loaded on a preheated C 18 reversedphase column based on nonporous poly(styrene/divinylbenzene) particles (DNASep TM column; Transgenomic). Hetero-and homoduplexes were then eluted with a linear acetonitrile gradient formed by mixing buffer A (0.1 mol/L triethylamine acetate, pH 7.0; Transgenomic) and buffer B (0.1 mol/L triethylamine acetate, pH 7.0, containing 250 mL/L acetonitrile; Sigma) at a constant flow rate of 0.9 mL/min. DNA was detected at 260 nm. The analytical gradient was 3.5 min long, and buffer B was increased at 2%/min. For each fragment, the initial and final concentrations of buffer B were adjusted to obtain a retention time between 3 and 5 min. Running temperatures and gradient ranges are listed in Table 3 . Between samples, the column was cleaned with 100% buffer B for 30 s and equilibrated at starting conditions for 2 min.
Results

pcr primers and theoretical melting characteristics of the hfe coding region
For DNA scanning methods based on temperature denaturing conditions, such as denaturing gradient gel electrophoresis or DHPLC, detection of all mutations is most reliable when, in each amplified fragment, little difference exists between melting domains. PCR primers were thus designed in two ways: (a) to include each HFE coding fragment and its exon-intron junctions; and (b) to give the smallest differences possible between the melting domains in the fragment. The melting characteristics of each HFE DNA coding fragment were predicted using Wavemaker TM software. This allowed us to design primers that produce fragments with uniform melting characteristics for exons 1, 2, 5, and 6. Despite the use of different primer combinations, distinct melting domains were found in exons 3 and 4 (data not shown). The sequence in the region containing bp 170 -300 of exon 3 melts at 64°C, whereas its 5Јand 3Ј domains melt at lower temperatures (60 and 62°C, respectively). Exon 4 exhibits two distinct melting domains: a 3Ј GC-rich domain that melts at 63°C, and a 5Ј domain that melts at 61°C. In these conditions, all melting domains must be tested with at least one DNA variant to ensure that the entire DNA fragment is completely studied. This may involve performing DHPLC at two or more temperatures.
hfe mutations and polymorphisms
The Wavemaker software gives a computer-assisted determination of melting profile and analytical conditions for each DNA fragment. Nevertheless, to achieve the maximum probability for detection of all mutations, DHPLC analytical conditions need to be optimized experimentally using positive controls. In this study, we tested the 17 known HFE mutations and 2 HFE polymorphisms, ATG Ϫ7T3 C and 636G3 C (V212V). The first polymorphism is located close to a coding sequence without mutations (exon 1), and the second is in the 5Ј melting domain of exon 4. The HFE mutations and polymorphisms are listed in Table 2 . No mutations or polymorphisms have been reported in the short coding region of exon 6. For reference, we arbitrarily chose to create a guanine-to-adenine transition 18 nucleotides upstream of the translation stop codon (1236G3 A).
dhplc analysis
The analytical conditions for each HFE coding fragment were established separately, based on its experimentally determined melting curve. The temperature giving 75% denaturation of wild-type DNA was first defined. We then performed a temperature titration in 1°C increments to screen 2°C above and below this point for detection of mutations. All HFE nucleotide substitutions and deletions, depending on their respective melting domain locations, were tested to find optimized running conditions (see Table 3 ). As predicted by its uniform computed melting characteristics, one temperature was sufficient to detect the seven mutations in exon 2. Testing for the 683G3 C transversion (V212V) showed that one temperature was enough to explore the 5Ј melting domain of exon 4, where the 683G3 C transversion is localized, as well as its 3Ј GC-rich melting domain, where the 814G3 T (V272L), the 829G3 A (E277K), and the 845G3 A (C282Y) nucleotide substitutions are localized. In contrast, as predicted by the existence of distinct melting domains in exon 3, two temperatures were necessary to detect the six mutations efficiently. In fact, for exon 3, all mutations could be detected at 63°C, but resolution of heteroduplexes from homoduplexes was better at 62 and 64°C. Fig.  1A displays the detection, at 62°C and 63°C, of the (A), elution profiles for the IVS3ϩ1 mutation (black line) and for a wild-type homozygous DNA (gray line) are at 62 and 63°C, respectively. At 62°C, resolution increases considerably, and the elution profile for the IVS3ϩ1 mutation reveals an additional peak compared with the wild-type elution profile. (B), elution profiles for the W169X mutation (black line) and for a wild-type homozygous DNA (gray line) are at 63 and 64°C, respectively. At 64°C, resolution increases considerably, and the elution profile for the W169X mutation reveals an additional peak compared with the wild-type elution profile.
IVS3ϩ1G3 T nucleotide substitution localized in the lower melting domain of exon 3, and Fig. 1B shows detection, at 63 and 64°C, of the 506G3 A (W169X) nucleotide substitution contained in its higher melting domain.
accuracy of dhplc for scanning the hfe gene for mutations
Analysis of 20 different PCR products, each containing known HFE sequences variations, consistently revealed an additional peak attributable to the reduced retention time of heteroduplex DNAs. As shown in Fig. 2 , because of their differences in retention times, the H63D/wt, S65C/wt, H63D/S65C, and wt/wt genotypes could be identified unequivocally. To validate the DHPLC method with a large set of unknown samples, we blindly analyzed 100 DNA samples that we had previously genotyped for the C282Y (exon 4), H63D, and S65C (exon 2) mutations by PCR with restriction fragment length polymorphism analysis. Comparisons of the results demonstrated 100% concordance between the methods. We detected 15 C282Y homozygotes, 18 C282Y heterozygotes, 18 H63D heterozygotes, 6 S65C heterozygotes, 25 wild-type homozygotes, and 12 C282Y/H63D, 5 C282Y/S65C, and 1 H63D/ S65C compound heterozygotes.
Discussion
Numerous techniques are now available for detecting the common C282Y and H63D HFE mutations. These include PCR with restriction fragment length polymorphism, PCR with sequence-specific primers, oligonucleotide ligation assay, allele-specific oligonucleotide hybridization, single-strand conformation polymorphism, heteroduplex analysis, DHPLC, and real-time fluorescence PCR (5, 6, 8, 10 -15 ) . However, depending on the population studied, 4 -35% of the cases presenting with the HC phenotype have at least one chromosome without these two common HFE mutations. The cause of HC in this group of probands could be explained by the allelic heterogeneity and the genetic heterogeneity of the disease. The recent identification of two mutations (Y250X and E60X) in the TFR2 gene of Italian hemochromatosis probands lacking HFE mutations (30 ) and the mapping of the juvenile hemochromatosis gene on 1q21 (31 ) argue for the heterogeneity of the disease and indicate that mutations in genes other than HFE can be associated with hemochromatosis. In other respects, the recent description of nine novel HFE mutations in patients with a classic HC phenotype has demonstrated that the search for rare or private mutations in the whole HFE coding region may help explain the iron overload phenotype and confirm the diagnosis of HC. Moreover, once identified in HC probands, new HFE mutations can lead to the identification of related patients at risk to develop iron overload. Disregarding systematic sequencing of PCR products, several techniques are currently available for gene mutation scanning (32, 33 ) . The most frequently used are single-strand conformation polymorphism analysis (34 ) and denaturing gradient gel electrophoresis (35 ) . Each has advantages and disadvantages. Single-strand conformation polymorphism analysis is relatively easy to perform but tends to lack sensitivity, especially with PCR products up to 200 bp. Denaturing gradient gel electrophoresis is highly reliable once the appropriate PCR primers and denaturing conditions have been developed, but it is labor-intensive and time-consuming. In this study, we evaluated DHPLC, a novel technique of mutation scanning based on the separation of heteroduplex Shown are elution profiles for a wild-type homozygous (wt/wt) sample, a patient carrying the H63D mutation (H63D/wt), a patient carrying the S65C mutation (S65C/wt), and a patient carrying both the H63D and S65C mutations (S65C/ H63D). It is possible to discriminate between the four different genotypes because of differences in heteroduplex retention times.
PCR products from their corresponding homoduplexes, by reversed-phase liquid chromatography under partially denaturing conditions (27, 28 ) . The major advantages of this method include the use of automated instrumentation, rapid analysis (ϳ6 min per sample), low cost, and according to recent investigations, a high accuracy with 92.5-100% mutation detection (36 -41 ) .
The analytical conditions for each of the HFE DNA coding fragments were carefully determined through the combination of computer prediction of melting profiles and empirical data that used available or artificially created sequence variants. PCR primers were designed to amplify each HFE coding fragment with the smallest differences possible between predicted melting domains within the fragment. Using this strategy, we were able to find uniform melting characteristics for exons 1, 2, 5, and 6. This approach was facilitated by the amplification of small coding fragments (168 -377 bp in length), and therefore, the melting profiles were relatively simple. Its reliability was demonstrated by the detection of seven mutations in exon 2 using a single analysis temperature. When the melting profile for a specific sequence was more complex and two or more distinct melting domains remained, the choice of operating temperature was more critical. In exon 3, a 1°C change above and below the initial analysis temperature (63°C) had a dramatic effect on the separation of hetero-and homoduplexes for mutations localized in the domains with the higher and lower melting temperatures, respectively. These data confirm that to ensure that the entire DNA fragment is studied, each melting domain must be tested with at least one DNA sequence variant to find its optimized running conditions. One of the major advantages of DHPLC is that it is easy to test the same PCR product under several different running conditions. DHPLC is a rapid and rather inexpensive method. The instrument is still costly, and the method requires optimization, which might be time-consuming and costly. On the other hand, if the method is performed daily to analyze several disease genes and once the DHPLC analytical conditions are defined, labor is limited and the cost per sample is low. Thus, the complete HFE coding sequence (six coding fragments) for 16 DNA samples (96 wells) can be studied in 1 day at a cost of US $10/sample (excluding labor costs). In comparison, systematic sequencing analysis of the six HFE coding exons for 16 DNA samples (96 reactions), using an ABI 310 automated sequencer, should require 3 days at a cost of US $95/ sample. Moreover, although DHPLC analysis reveals an additional peak in each of the 16 DNA samples, only one sequencing analysis would allow identification of the sequence variant in the targeted exon, which would add an extra cost of US $16/sample. Once the DHPLC analytical conditions are established, identification of samples with polymorphisms or mutations is straightforward. Our study demonstrates the high accuracy of DHPLC for scanning the HFE gene for the known mutations and polymorphisms. Because all predicted melting domains of the HFE coding region are investigated with at least one DNA sequence variant as reference, DHPLC also provides a high probability of detecting untested or unknown HFE mutations.
In conclusion, DHPLC is a rapid, economic, and accurate method for efficient scanning of the HFE gene in HC probands with at least one chromosome without an assigned mutation. The use of this method in other genetic disorders of iron metabolism, such as porphyria cutanea tarda, for which HFE mutations have been reported (20, 42, 43 ) may also be envisaged. Once detected by DHPLC, the role of uncommon HFE mutations in clinical interpretation may be complex. The nonsense, frameshift, and splice-site mutations that have a clear incidence on the HFE protein amino acids sequence, and consequently on its structure and function, can be unequivocally associated with disease. On the other hand, missense mutations must be considered with more caution. To evaluate the implications of this type of mutation, sequence alignment can be carried out to determine whether the amino acid is preserved among different species. For a missense mutation found in several subjects, a simple way involves comparing its frequency in chromosomes of HC patients and control subjects. In a previous study, we reported that the S65C mutation was significantly enriched in HC chromosomes that carried neither the C282Y nor the H63D mutation and that, as with the H63D mutation, the S65C mutation could be another variant contributing to iron overload in mildly affected hemochromatosis subjects (18 ) . To confirm the association of an interesting missense mutation, a functional assay should be performed as described previously for the C282Y and H63D mutations (44 ) .
